We present the first demonstration of in vivo collection of Raman spectra of breast tissue. Raman spectroscopy, which analyzes molecular vibrations, is a promising new technique for the diagnosis of breast cancer. We have collected 31 Raman spectra from nine patients undergoing partial mastectomy procedures to show the feasibility of in vivo Raman spectroscopy for intraoperative margin assessment. The data was fit with an established model, resulting in spectral-based tissue characterization in only 1 second. Application of our previously developed diagnostic algorithm resulted in perfect sensitivity and specificity for distinguishing cancerous from normal and benign tissues in our small data set. Significantly, we have detected a grossly invisible cancer that, upon pathologic review, required the patient to undergo a second surgical procedure. Had Raman spectroscopy been used in a real-time fashion to guide tissue excision during the procedure, the additional reexcision surgery might have been avoided. These preliminary findings suggest that Raman spectroscopy has the potential to lessen the need for reexcision surgeries resulting from positive margins and thereby reduce the recurrence rate of breast cancer following partial mastectomy surgeries. (Cancer Res 2006; 66(6): 3317-22) 
Introduction
Breast cancer is the most common women's cancer in the United States, the second most common cause of cancer death in women (after lung cancer), and the main cause of death in women ages 45 to 55 years (1) . Breast cancer surgery has changed dramatically over the past several decades and continues to evolve. With the emergence of breast-conserving surgical techniques, such as partial mastectomy, women may now preserve their breast without compromising survival. Partial mastectomy refers to surgical removal of the tumor and is typically followed by radiation therapy to eradicate any residual disease. Several modern, prospective, randomized clinical trials directly comparing partial mastectomy with traditional modified radical mastectomy, removal of the entire breast, have shown equivalent survival rates (2) . The goal of partial mastectomy is to provide a low rate of cancer recurrence in the treated breast while maintaining good cosmesis.
In partial mastectomy procedures, complete surgical excision of the primary tumor is the major determinant of the rate of local cancer recurrence. Minimizing the amount of breast tissue removed is the main factor in preserving cosmetic appearance. Thus, in successful partial mastectomy surgery, complete resection of the cancer must be balanced with tissue conservation. To ensure that all malignant tissue is removed, a small margin of normal breast tissue surrounding the lesion is excised. To verify that the surgeon removed the entire malignant lesion, a pathologist performs an assessment of the tissue margins. Margin status is gauged by pathologic examination of the border of the excised lesion. This is a two-step process. The first step is intraoperative gross (macroscopic) examination; the second step is postoperative histologic (microscopic) examination of the margins. Achieving negative resection margins, typically defined as the absence of either invasive or intraductal cancer, provides lower associated rates of local recurrence following partial mastectomy (3-7). Positive or unknown histologic margins usually prompt reexcision surgery because such patients are at higher risk for local recurrence even when radiation therapy is administered. In clinical practice, as many as 20% to 55% of patients undergoing partial mastectomy require a second surgical procedure due to positive margins indicative of incomplete cancer resection that were missed on intraoperative margin assessment (8) .
As a result, there are numerous approaches focused on enhancing intraoperative margin assessment. Gross inspection of the specimen in the operating room, with or without frozen section analysis, may permit identification of positive or close margins and immediate reexcision. However, routine frozen section analysis is time-consuming and can lead to inadequate assessment of tumor margins in large specimens and loss of diagnostic material in small specimens (9) (10) (11) . Time-intensive techniques, such as frozen section analysis, also have the disadvantage of prolonging the surgical procedure and thereby the time the patient remains anesthetized. Therefore, intraoperative techniques that can provide real-time feedback are under investigation. Intraoperative ultrasound may assist in assuring negative margins, although it is generally of low resolution and, thus, its use does not preclude the presence of microscopic tumor seen on histologic examination (12). Sehgal et al. (13) used tissue echogenicity, the angular variance in echogenicity around the circumference of the lesion, and the patient's age to obtain a sensitivity and specificity of 95% and 63%, respectively. Optical techniques may assist in intraoperative margin assessment as they are also capable of providing immediate diagnosis and have the potential to provide high-resolution information. Currently, a variety of optical imaging and spectroscopic techniques are being explored to improve breast cancer diagnosis (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, few have been applied to surgical margin assessment. Optical techniques use visible or near-IR light and provide chemical information about the tissue being studied. Preliminary in vivo investigations have examined the efficacy of diffuse reflectance spectroscopy in the diagnosis of breast lesions, as well as in the assessment of tumor margins (23) . Diffuse reflectance spectroscopy monitors changes in the absorption and reduced scattering coefficients among tissues with different pathologies. The study reports a sensitivity and specificity of 67% and 79%, respectively.
Raman spectroscopy is an optical modality capable of providing detailed quantitative chemical information about a tissue sample. It is particularly amenable to in vivo measurements, as the powers and excitation wavelengths used are nondestructive to the tissue and have a relatively large penetration depth (25) . Several laboratories have investigated the use of Raman spectroscopy for the examination of a variety of breast pathologies (26) (27) (28) (29) (30) .
Our previous research showed the ability of Raman spectroscopy to accurately diagnose normal, benign, and malignant lesions of the breast ex vivo in a laboratory setting with high sensitivities and specificities (31) . Our approach relies on the use of a spectroscopic model of breast tissue (32) . This model fits macroscopic tissue spectra with a linear combination of basis spectra derived from Raman microscopy of various breast tissue components. Specifically, the model includes Raman spectra of the epithelial cell cytoplasm, the cell nucleus, fat, h-carotene, collagen, calcium hydroxyapatite, calcium oxalate dihydrate, cholesterol-like lipid deposits, and water. Modeling of the Raman spectrum yields fit coefficients that reflect the chemical makeup of the lesion, which is, in turn, associated with morphologic changes that pathologists routinely rely on to diagnose disease. Tissue composition extracted through modeling was used as the basis of a diagnostic algorithm capable of differentiating between normal, benign, and malignant breast tissues. The fit coefficients for the basis spectra of fat and collagen were found to be the key diagnostic variables in distinguishing pathologies. The resulting diagnostic algorithm, which classifies tissues ex vivo according to specific pathologic diagnoses, achieved a sensitivity of 94%, a specificity of 96%, and an overall accuracy of 86% (108 of 126).
The excellent results of this study supported moving the technique to a clinical setting for further testing of its efficacy in breast cancer detection. This was made possible by the recent development of Raman optical fiber probes that enable acquisition of clinical data in real-time with good signal-to-noise ratios (33) . Although Raman spectroscopy has been recognized as a powerful biomedical tool for more than a decade, in vivo studies have generally been limited to skin or sites that are accessible with bulk optic geometries (34) (35) (36) (37) (38) . The recent development of a smalldiameter, high-throughput Raman probe, with excellent filtering capabilities to reject unwanted signals generated within the probe itself, provides the ability to study remote organs with real-time diagnostic capability (33) .
In this article, we present the first demonstration of in vivo collection of Raman spectra of breast tissue. Data were collected during partial mastectomy surgeries to show the feasibility of in vivo Raman spectroscopy for intraoperative margin assessment. The research serves to extend and confirm the results of our ex vivo studies. Results indicate that Raman spectroscopy has the potential to aid in intraoperative tumor resection. Accurate in vivo margin assessment techniques will reduce the number of reexcision procedures necessary to achieve negative partial mastectomy margins. They may also extend partial mastectomy to those women who do not harbor sufficiently small or localized breast cancers to qualify for partial mastectomy by current standards.
Materials and Methods
This study uses partial mastectomy surgery to show the feasibility of in vivo Raman spectroscopy. A total of 30 Raman spectra were collected from nine patients, 29 from margins subsequently found to be negative on pathology examination and 1 spectrum from a margin subsequently found to be positive on pathology examination. Of the 29 negative margins, 21 were composed of normal breast tissue whereas 8 contained fibrocystic change. The one positive margin was diagnosed as high-grade ductal carcinoma in situ (DCIS). We are able to accurately fit all 30 spectra with our previously developed spectral model of breast (32) .
Two spectra were excluded from the present analysis. The first, a benign papilloma, is a pathology not encountered in our previous studies and thus our diagnostic algorithm does not encompass this type of tissue. The benign papilloma predominately exhibited spectral features indicative of fat, such as a 1,747 cm À1 C=O ester stretch, 1,654 cm À1 C=C stretch, and 1,301 cm À1 -CH 2 -CH 3 bend/twist. The second was a margin noted by the pathologist to harbor significant cautery effects resulting from the surgical procedure. This was the only specimen where cautery of this degree was seen.
Instrumentation. The experimental system and optical fiber Raman probe, used for these procedures and shown in Fig. 1 , are described in detail elsewhere (33) . Briefly, light from an 830 nm diode laser (Process Instruments, Salt Lake City, UT) is collimated and then bandpass filtered (Kaiser Optical Systems, Inc., Ann Arbor, MI) before being focused into the excitation fiber of the Raman probe. The 4-m-long probe is <2 mm in diameter and consists of a single central excitation fiber surrounded by 15 collection fibers. All fibers are low-OH fused silica and have a 200 Am core diameter. The distal end of the probe is registered with a dual-filter module that rejects the intense interfering signals generated in the fibers. The probe is terminated with a sapphire ball lens, which collimates the excitation light and efficiently gathers and couples the Raman scattered light from the tissue into the collection fibers. The linear array of collection fibers at the proximal end is coupled to an f/1.8 spectrograph (Kaiser Optical Systems,
, NJ). Four Raman optical fiber probes were used in this study to permit data acquisition in multiple procedures on a single day.
Clinical procedure. Before each procedure, the experimental system was aligned and the probe was submitted for cold-gas ethylene oxide sterilization. Just before surgery, the proximal ends of the sterilized Raman probe were coupled to the experimental system. The distal end of the probe was kept sterile and placed in gentle contact with the margin tissue while spectra were acquired. All room and surgical lights were turned off during the measurements. The spectrally examined margin tissue was then excised by the surgeon and underwent conventional pathologic examination. The standard surgical practice of the surgeon in this study is to excise six additional sampling margins from the surgical cavity following removal of the main tumor specimen. Raman spectra were collected from several of these margins before excision and, thus, only tissue that would normally be excised during the procedure was removed. Each spectrum was collected for a total of 1 second. The data was analyzed in real time as detailed below and a spectral-based diagnosis was displayed within 1 second (39) . A range of powers, 82 to 125 mW, was used depending on the throughput of the probe used. Following data acquisition, a volume of tissue corresponding roughly to that probed by the spectroscopic measurement was excised by the surgeon. The margin specimens were then fixed in formalin, routinely processed, and the histologic slides were examined by an experienced breast pathologist who was blinded to the outcome of the Raman spectroscopy analysis.
The clinical protocol was approved by both the Massachusetts Institute of Technology Committee on the Use of Humans as Experimental Subjects and the Institutional Review Board of the Cleveland Clinic Foundation, in accordance with an assurance filed with and approved by the Department of Health and Human Services. Informed consent was obtained from all subjects before the surgical procedures.
Data processing. Following each procedure, calibration data were collected for spectral corrections. Wave number calibration was established with a spectrum of 4-acetamidophenol. Chromatic intensity variations were corrected by collecting the spectrum of a tungsten white light source diffusely scattered by a reflectance standard (BaSO 4 ). The remaining probe background generated in the optical fibers was characterized by collecting the scattered excitation light from a roughened aluminum surface. This background was optimally subtracted from the data in an iterative loop by using a scaling factor related to the optical properties of the tissue (33) . The tissue fluorescence background was modeled with a sixth-order polynomial. Finally, the data was fit via nonnegativity constrained least-squares minimization with the spectral model developed previously for the diagnosis of breast cancer (32) . To accurately model the in vivo data, spectra of probe components, epoxy and sapphire, were included in the model. In accordance with our initial diagnostic study, the fit coefficients of fat, collagen, cell nucleus, epithelial cell cytoplasm, and cholesterol-like lipid deposits were normalized to sum to a total contribution of one. In the present study, the two types of microcalcifications, calcium hydroxyapatite and calcium oxalate dihydrate, were excluded from this normalization, as no microcalcification were present in the tissue samples used for the diagnostic algorithm development. We also observed larger contributions from h-carotene in our in vivo data than in our prior ex vivo data, and thus this component was excluded from normalization. Omission of h-carotene from the fit coefficient normalization was a modification to the real-time data analysis that was done intraoperatively.
To determine the error in our fit coefficients, we used a v 2 analysis (40). v 2 analysis is a well-known method for calculating the goodness of a fit as well as the error associated with model fitting. Error bars, 1 SD, are generated from this analysis. The Raman spectra in each diagnostic category have different signal-to-noise ratios; thus, mean errors are reported for each pathology. Fitting errors for the two diagnostic model components, fat and collagen, are 0.04 and 0.02 for normal specimen, 0.12 and 0.06 for fibrocystic change, and 0.18 and 0.10 for DCIS. Errors are slightly larger for fat than for collagen because the Raman spectrum of fat has more similarity to other model components than that of collagen.
Results
Model fits to in vivo Raman spectra acquired from normal, benign, and malignant breast tissue are shown in Fig. 2 . The difference between the measured spectrum and the model fit, the residual, is shown below each spectrum. The lack of significant structure in the residuals shows that the model accounts for the majority of the spectroscopic features observed and describes the data well. The fit coefficients, also displayed in Fig. 2 , represent the amount that each model basis spectrum must be weighted to recreate the tissue spectrum, thereby providing insight into the chemical/morphologic makeup of the tissue.
Fit coefficients are a function of both the concentration of a particular model component and its Raman scattering crosssection (which indicates the strength of the signal at unit concentration). The fit coefficients of normal breast tissue exhibit a large contribution from fat. This is because normal breast tissue is predominately composed of adipocytes, cells containing large amounts of cytoplasmic fat, and also because relative to most other model components, fat has a large Raman scattering cross section. This explains the excellent signal-to-noise ratio evident in the spectrum acquired from normal breast tissue ( Fig. 2A) . There is more noise evident in spectra acquired from diseased tissue; however, they still yielded excellent model fits.
Fibrocystic change is a benign condition that can manifest itself as fibrosis (a scarring process characterized by an increased stromal component and thus by accumulation of collagen), adenosis (increase in the number of ductules), or cyst formation (dilation of ducts and lobules with fluid). The margin that harbors fibrocystic change shows an increase in the fit coefficients of collagen, due to fibrosis, and epithelial cell cytoplasm, as a consequence of adenosis. The fit coefficients of the positive margin, diagnosed as high-grade DCIS, also display an increase in the amount of epithelial cell cytoplasm. In our studies, the spectroscopic variable characterizing the nucleus-to-cytoplasm ratio, obtained by dividing the fit coefficient of the cell nucleus basis spectrum by the fit coefficient of the epithelial cell cytoplasm basis spectrum, is much larger for the cancerous specimen, shown in Fig. 2C , than for any of the fibrocystic lesions encountered in this study. A histologic signature of carcinoma is enlargement of cell nuclei, and thus a higher nucleus-to-cytoplasm ratio than seen in benign conditions. In fact, the nucleus-to-cytoplasm ratio is a criterion routinely used by pathologists in the diagnosis of breast cancer (41, 42) . Figure 3 displays a scatter plot of the fit coefficients for collagen and fat, FC(Coll) and FC(Fat), respectively, for all data acquired in this study. Also shown are the decision lines that separate samples according to diagnoses. The diagnostic algorithm shown in Fig. 3 was developed previously using 126 spectra from 58 patients and is used in a prospective manner in this study (31) . Table 1 compares the pathology diagnoses with those of the Raman diagnostic algorithm for our data set. The algorithm results in a sensitivity for detecting carcinoma of 100%, a specificity of 100%, and an overall accuracy of 93.3% (28 of 30). We note that although there is only one malignant sample in the present data set, this algorithm has been previously validated with 31 cancer specimens. The highgrade DCIS correctly identified by Raman spectroscopy was grossly invisible. Upon pathologic review, the finding that this margin was positive necessitated that the patient undergo a second surgery to excise the remaining cancer tissue. Had Raman spectroscopy been used in a real-time fashion to guide excision during the initial surgery, the additional procedure could have been avoided.
Discussion
This pilot study is the first use of Raman spectroscopy to examine breast cancer in vivo. It clearly shows the feasibility of Raman spectroscopy as a clinical technique for real-time margin assessment during partial mastectomy surgery. The data exhibit good agreement with our previously developed spectral model and diagnostic algorithm. Studies with a larger patient pool are currently under way to further expand and validate our diagnostic algorithm in this and other clinical settings. And although complete postoperative pathologic examination of surgical margins will undoubtedly remain the standard of care for breast cancer surgery for the foreseeable future, we believe that the excellent results of this initial pilot study indicate that Raman spectroscopy has the potential to improve intraoperative margin assessment. This will likely occur first as an adjunct to and perhaps ultimately replacing intraoperative pathologic examination, thereby reducing the recurrence rate of breast cancer following partial mastectomy surgeries. As the first in vivo demonstration of Raman spectroscopy of breast tissue, this study has implications in addition to margin assessment. There are several areas where Raman spectroscopy may aid in breast cancer diagnosis and treatment. In particular, optical techniques are less invasive than current diagnostic procedures. The results of this study suggest the potential for transdermal needle measurements to afford breast cancer diagnosis. As opposed to standard biopsy, a spectroscopic transdermal needle measurement would have the advantage of providing immediate diagnosis. As a result, Raman spectroscopy has the potential to reduce both the likelihood of a nondiagnostic biopsy that would require repeat needle or surgical biopsy and patient anxiety by eliminating the currently unavoidable wait for a traditional histopathology diagnosis. Furthermore, with the development of minimally invasive breast cancer therapies, such as radiofrequency ablation, which relies on insertion of a thin metal probe into the breast, there is the potential that diagnosis and treatment could be done in a single procedure (43) . 
